The primate auditory cortex is organized into a network of anatomically and functionally distinct processing fields. Because of its tonotopic properties, the auditory core has been the main target of neurophysiological studies ranging from sensory encoding to perceptual decision-making. By comparison, the auditory belt has been less extensively studied, in part due to the fact that neurons in the belt areas prefer more complex stimuli and integrate over a wider frequency range than neurons in the core, which prefer pure tones of a single frequency. Complementary approaches, such as functional magnetic resonance imaging (fMRI), allow the anatomical identification of both the auditory core and belt and facilitate their functional characterization by rapidly testing a range of stimuli across multiple brain areas simultaneously that can be used to guide subsequent neural recordings. Bridging these technologies in primates will serve to further expand our understanding of primate audition. Here, we developed a novel preparation to test whether different areas of the auditory cortex could be identified using fMRI in common marmosets (Callithrix jacchus), a powerful model of the primate auditory system. We used two types of stimulation, band pass noise and pure tones, to parse apart the auditory core from surrounding secondary belt fields. In contrast to most auditory fMRI experiments in primates, we employed a continuous sampling paradigm to rapidly collect data with little deleterious effects. Here we found robust bilateral auditory cortex activation in two marmosets and unilateral activation in a third utilizing this preparation. Furthermore, we confirmed results previously reported in electrophysiology experiments, such as the tonotopic organization of the auditory core and regions activating preferentially to complex over simple stimuli. Overall, these data establish a key preparation for future research to investigate various functional properties of marmoset auditory cortex.
Introduction
The primate auditory cortex comprises anatomically and functionally distinct areas that form the foundation of audition (Morel et al., 1993; Rauschecker et al., 1995; Hackett et al., 1998a Hackett et al., , 1998b Romanski et al., 1999a; 1999b; Tian et al., 2001 ; for reviews see, Kaas and Hackett, 2000; Rauschecker and Tian, 2000) . While neurophysiological studies show evidence for three adjacent tonotopically organized fields, A1, R, and RT (Morel et al., 1993; Aitkin et al., 1986) known as the auditory core, determining the functional contributions of secondary (belt) and tertiary (parabelt) processing fields have proven more challenging (Rauschecker et al., 1995; Rauschecker and Tian, 2004; Bendor and Wang, 2005; Tian and Rauschecker, 2004) . Functional magnetic resonance imaging (fMRI) offers a complementary technique that can be used to facilitate neurophysiological research by rapidly characterizing multiple areas of the brain simultaneously and identifying patterns of responses that might not be readily identifiable with single-unit recordings (e.g., Tsao et al., 2006) , including the auditory system (e.g., Perrodin et al., 2011) . While this approach has been successfully employed in the rhesus monkey (Joly et al., 2012; Ortiz-Rios et al., 2015 , 2017 Perrodin et al., 2011) , its application to marmosets, a rapidly emerging model system in neuroscience (Miller et al., 2015 (Miller et al., , 2016 Miller, 2017; Bendor and Wang, 2008; Eliades and Miller, 2017) , is likely to yield similarly important insights (e.g., Hung et al., 2015a; 2015b) . Because of the small size of the marmoset brain and acoustic interference prevalent in fMRI environments, however, it remains unclear whether distinct fields of the species auditory cortex could be distinguished with this method. Here we developed a novel preparation to test the suitability of fMRI for identifying small functional divisions across the marmoset auditory cortical fields.
The marmoset auditory core has been extensively explored using neurophysiological techniques (e.g., Bendor and Wang, 2005; Bendor and Wang, 2008; Sadagopan and Wang, 2009; Zhou and Wang, 2012) . Similarly to other primates, the species' auditory core comprises a series of three tonotopically organized fields whose borders can be identified by characteristic frequency reversals (Bendor and Wang, 2008) . While these neurophysiological approaches have identified some functionally distinct areas of the marmoset auditory cortex, such as for pitch processing (Bendor and Wang, 2005; Bendor et al., 2012) , delineation of the surrounding belt from the auditory core has been limited with these methods. The only previous auditory fMRI experiment in marmosets reported evidence of a vocalization selective response area (Sadagopan et al., 2015) , however this study was performed in anesthetized animals, which could significantly affect the response characteristics of different auditory regions (e.g., somatosensory system: Silva et al., 2011; Liu et al., 2013) . It is not clear whether a study of awake marmosets would offer the level of precision evident in rhesus monkeys for identifying the auditory cortical fields (Petkov et al., 2006; Tanji et al., 2010) , or if the confluence of the acoustic distortions intrinsic to the scanner environment and small brain size would severely limit the suitability of fMRI for marmoset auditory research.
In the current study, we sought to develop a preparation for imaging auditory cortex in the awake marmoset. Our goal was to replicate key findings from neurophysiological studies as a proof of principle that our preparation is effective for future fMRI research. Specifically, we aimed to reproduce frequency reversals in the auditory core (Bendor and Wang, 2008) and demonstrate selectivity for complex stimuli in the belt (Bendor and Wang, 2005; Bendor et al., 2012) . We utilized a myelin atlas to illuminate the anatomical delineation of core and belt fields. Previous studies had shown that heavy myelination exists in the auditory core relative to the belt (e.g., Kaas and Hackett, 2000) . By registering our functional data to a myelin scan, we were able to visualize this boundary and make a coarse determination of what areas of auditory cortex were activated with specific types of stimuli. Our results reflect principles established with neurophysiological and anatomical techniques. We found frequency selective areas alternating along a caudal-rostral gradient in auditory cortex. Additionally, our results suggest that belt areas outside of the auditory core were activated to complex stimuli with our preparation. These findings establish that fMRI can be used as a complementary technique to neurophysiology to expand our understanding of the functional properties of marmoset auditory cortex.
Materials and methods
Magnetic resonance imaging methods. All fMRI experiments were performed in a 7T/30 cm magnet interfaced to an AVANCE AVIII MRI spectrometer (Bruker, Billerica, MA) equipped with a self-shielded 150 mm ID gradient set capable of generating 450 mT/m within 120 μs (Resonance Research Inc., Billerica, MA). An actively decoupled birdcage coil with an inner diameter of 110 mm was used as transmit coil, and the MR signal was acquired from two surface coils placed outside the helmets directly above auditory cortex. BOLD fMRI data were acquired continuously using a gradient-echo echo-planar imaging sequence (EPI). Eight slices were acquired and were oriented parallel to the lateral sulcus, as shown in Fig. 1A . Acquisition parameters for this experiment were: FOV: 2.88 Â 2.88 cm 2 , matrix: 96 Â 96, slice thickness: 0.5 mm, resolution: 300 Â 300 μm 2 , TE: 26 ms, and TR: 3.6 s (Fig. 1B) . All eight slices were acquired within the acquisition time TA ¼ 462 ms so that, within each TR, a silent period of TR-TA ¼ 3168 ms was observed during which auditory stimuli were presented. A 3.6 s TR was chosen based on peak of the marmoset hemodynamic response which is about 4 s (Liu et al., 2013) .
Animal preparation. Three adult male common marmosets, weighing between 400 g and 550 g each, were used as subjects in these experiments. The subjects were adapted to the MRI scanner over a period of 30 days with a mock scanning environment described previously by Silva et al., (2011) . Individualized, custom-made helmets were built (Papoti et al., 2013) to aid with head immobilization and headphone positioning. After the acclimatization period, the marmosets were scanned in fully awake conditions during all scanning sessions (Fig. 1C) . Auditory stimulation was delivered bilaterally and directly into the ear canals through the use of MRI compatible headphones (STAX SR-003, Stax Ltd., Japan). Each headphone was covered with sound attenuating putty (Insta Putty Silicone Earplugs, Insta-Mold Products, Oaks, PA) in order to reduce the loudness of the scanner noise. The sound intensity level of the scanner was measured to be approximately 100 dB, with a center frequency around 2140 Hz. The putty attenuated the scanner noise by approximately 24 dB SPL. Each subject's physiological state was monitored during each scanning session by continuously acquiring its respiration rate (Biopac MP150, Biopac Systems, Inc., Goleta, CA) as well as by visual inspection of the animal via an MR compatible camera (MRC Systems, Heidelberg, Germany) placed in front of the animal's face. Experiments were in full compliance with the Animal Care and Use Committee of the National Institute of Neurological Disorders and Stroke. Complete care was taken to ensure the wellbeing of the animals involved in these experiments. Two of three monkeys performed well during scanning and exhibited minimal movement. The third monkey moved excessively, and as a result contributed only a small amount of data for this study.
Stimulus presentation. Two types of stimuli were presented in this experiment: 1) A range of pure tones (PTs) and 2) band pass noise (BPN) (Fig. 1D ). PTs were varied within three different frequency bands to constitute three different types of PT stimuli (high ¼ 4-16 kHz; medium ¼ 1-4 kHz; and low ¼ 0.25-1 kHz). BPN was generated by band pass filtering random noise. The center frequency of each BPN stimulus was varied within the same frequency bands to control for spectral content. The bandwidth of each type of stimulus was two octaves. A 50 ms PT was randomly generated within each frequency band followed by 50 ms of silence, such that every 100 ms a new pure tone was played within that frequency band (Fig. 1D) . BPN was also modulated in this manner (Fig. 1D ). All stimuli were synthesized in MATLAB (Mathworks, Inc., Natick, MA). Stimuli were presented at sound intensity levels of 75-80 dB. All stimuli were presented according to a square off-on-off block design in which stimulation periods of 36s were alternated with silence periods of 36s while BOLD fMRI data were acquired continuously (TR ¼ 3.6s) throughout each run (see Fig. 1B ). The types of stimuli chosen were based on similarity to those used in other studies across species that successfully examined tonotopy and core/belt delineations (e.g., Humphries et al., 2010; Bendor and Wang, 2008; Petkov et al., 2006; Rauschecker and Tian, 2004) and were well within the hearing range of the common marmoset (125 Hz-36 kHz: Osmanski and Wang, 2011) .
Data analysis. Data were preprocessed and analyzed in AFNI (Cox and Hyde, 1997) . Acquired volumes were motion corrected using AFNI's function 3dvolreg. Time points with outliers were found visually and with the function 3dToutcount and removed from the analysis. Data were detrended using the function 3dBandPass. Data were registered across sessions (14 runs for Champ, 10 runs for Eli, 4 runs for Scooby) using the function 2dimreg. Runs were concatenated and underwent a multiple linear regression using the function 3dDeconvolve. Six motion regressors were added to the analysis as regressors of no interest. Data were smoothed with the function 3dBlurToFWHM at 0.5 mm. Statistical maps were thresholded at p < 0.05 and then cluster thresholded at a size of 10 voxels to correct for multiple comparisons using AlphaSim at an alpha value of 0.05. Voxels outside of the brain were manually segmented and masked out using ITK-SNAP (Yushkevich et al., 2006) . To determine whether high and low frequency-selective regions were present in our data, we compared the activation patterns that arose from the presentation of high (4-16 kHz) PT to that of low (0.25-1 kHz) PT stimuli. To Fig. 1 . A) Positioning of slices. Eight 0.5 mm thick slices were obtained parallel to lateral sulcus. A 3D reconstruction of one marmoset's brain is depicted with the positions of the slices overlaid. Auditory core (green) and lateral belt (blue) regions were drawn under the slices to demonstrate what was encompassed with the slice prescription. B) Schematic of stimuluson-stimulus-off block design superimposed by the continuous sampling paradigm for volume acquisitions. Stimuli were presented in blocks of 36 s followed by a 36 s block of silence. MRI Volumes were acquired continuously in a clustered way every 3.6 s. C) Schematic of a restrained marmoset prepared for fMRI scanning adapted from Silva et al. (2011) . A helmet designed to fit the contours of each individual marmoset's skull, with slots that delivered headphones directly into the ear canals, immobilized the head. Two RF coils were positioned above auditory cortex. D) Schematic depicting an example of the frequency content of each type of stimulus presentation. On the left, low frequency PT stimuli are presented every 50 ms with interleaving 50 ms periods of silence. On the right, low frequency BPN stimuli encompass a large spectral range on each presentation, alternating between 50 ms of stimulus and 50 ms of silence.
C.R. Toarmino et al. NeuroImage 162 (2017) 86-92 examine spatial selectively to BPN, we compared the activation of high BPN to high PTs. Myelin Registration. FSL 5.0.4 was used to register a marmoset myelin atlas to an anatomical T1W scan (Bock et al., 2009 ) in order to visualize heavily myelinated areas that are indicative of the auditory core (Kaas and Hackett, 2000) with overlaid fMRI data. The 167 μm atlas was manually registered to the T1W anatomical and the calculated transformation was applied to the atlas. The cerebrum labels for the atlas brought it into alignment with the T1W scan.
Results

Activation of auditory cortex
A basic goal of this study was to use fMRI to determine the extent of auditory cortex activation in the marmoset. To this end, we began by creating functional maps contrasting blocks of broadband auditory stimulation (all stimulus types) to blocks of silence (aside from the scanner noise, see Methods). The results show robust auditory responses that activated an area roughly 7 mm by 4 mm in the three monkeys tested (Fig. 2) . Two of three monkeys exhibited robust bilateral hemispheric activation, and one monkey exhibited unilateral activation (p < 0.001). Fig. 2D shows the time course of BOLD activity averaged across sessions for one monkey.
Parcellating the auditory core based on tonotopy
After significantly activating marmoset auditory cortex, we next sought to functionally delineate the core into its comprising ACFs. Neurophysiological studies have functionally parsed apart A1, R, and RT by examining the characteristic frequency reversals of these regions (e.g., Bendor and Wang, 2008) . These studies have shown that A1 and R share a low frequency border and R and RT share a high frequency border. To spatially parcellate these regions, we used three groups of random frequencies of different bandwidths as stimulation (see 'Stimulus presentation' under Methods for detail): low (0.25-1 kHz), medium (1-4 kHz), and high (4-16 kHz).
We observed distinct spatial patterns of voxels that were selective for high and low frequencies (Fig. 3, p < 0.001) . High frequencies were located mostly caudally in A1 (Fig. 3A, slices 2-3 ) and at the border of R and RT (Fig. 3A, slices 2-4) , while low frequencies were found at the border of A1 and R (Fig. 3A, slice 3 ) and in more rostral and lateral regions of RT (Fig. 3A, slices 2-4) . The BOLD time courses (Fig. 3C) showed a modulation of the intensity of activation such that activated voxels within the high frequency regions responded stronger to high frequency PTs than to lower frequency PTs (Fig. 3C , blue time course). Conversely, activated voxels within the low frequency regions responded stronger to low frequency PTs than to high frequency PTs (Fig. 3C , orange time course). C.R. Toarmino et al. NeuroImage 162 (2017) 86-92 3.3. Parcellating core and belt auditory regions based on stimulus type
Next we sought to functionally distinguish the auditory core (A1, R, RT) from belt regions. We compared the activation of high BPN to high PTs (see 'Stimulus presentation' under Methods) and found areas that were significantly more activated by BPN (p < 0.01, Fig. 4 ) located posterior and laterally. The myelin atlas is pertinent to interpreting our results. These data were registered to a myelin scan in order to visualize areas of greater and lesser myelination. Due to its heavy myelination (Kaas and Hackett, 2000) , the lighter areas indicate a coarse estimation of the location of the auditory core. As the lighter areas transition to darker areas, this likely indicates the boundary between the core and the belt.
Discussion
Recent development of functional neuroimaging techniques, such as fMRI, provides a complementary tool to neurophysiology studies for efficiently mapping the functional contributions of many ACFs for acoustic signal processing and auditory perception. Here we sought to develop a fMRI preparation to investigate these issues in awake marmosets using high-resolution (7T) imaging. Analyses revealed that strong activation of auditory fields in marmosets is possible using the preparation developed here. Furthermore, we were able to replicate two representative properties of auditory cortex found using single-unit neurophysiological techniques. Our results revealed tonotopic separation . The activation maps show voxels that respond selectively to pure tones at low (purple-blue, 0.25-1 kHz) and high (red-yellow, 4-16 kHz) frequencies. High frequencies were located mostly caudally in A1 (slices 2-3) and at the border of R and RT (slices 2-4), while low frequencies were found at the border of A1 and R (slice 3) and in more rostral and lateral regions of RT (slices 2-4). (C) Time course of BOLD signal changes from the activated voxels responding to high frequencies (blue time course) and to low frequencies (orange time course). Data are from one exemplar monkey, the same monkey that provided data for Fig. 2B . Fig. 4 . BPN (orange) and PT (blue) functional activation maps of the marmoset brain overlaid onto four consecutive T1-weighted myelin MRI slices acquired parallel to the lateral sulcus as indicated in the inset. PT selective voxels were located mostly caudally in the auditory core (A1, slices 1-2) and in more rostral regions of the medial belt (slices 2-4), while BPN selective voxels were found at both lateral and medial areas of the belt surrounding A1, RT and R (slices 1-4). Data are from one exemplar monkey, the same monkey that provided data for Fig. 2B . of auditory fields within the auditory core using pure tone stimuli and stronger response for noise stimuli in the belt region relative to core. Replicating these principles served as an indicator that our imaging and stimulation preparations were effective. Overall, this study demonstrates that fMRI in marmosets can be a powerful tool to explicate the functional anatomy of primate auditory cortex.
Tonotopic representation of frequencies is a fundamental principle of the auditory system beginning in the cochlea with frequency selectivity maintained to the level of the cortex (Russell and Sellick, 1977; Miller et al., 2001 ). In the past, neurophysiological studies in primates have functionally delineated the core by taking advantage of the tonotopy within the core and the mirror frequency reversals at the borders of the different fields (Merzenich and Brugge, 1973; Morel et al., 1993; Bendor and Wang, 2008) . These studies have demonstrated that frequency selectivity is located on a caudal to rostral axis with high frequencies located most caudally in A1, a low frequency border at A1 and R, a high frequency border at R and RT, and low frequencies located most rostral and laterally. Our analyses showed that high frequency voxels were located caudally in A1 and at the border of R and RT, while low frequency voxels were located at the border of A1 and R and in the rostral end of RT. Therefore, our results presented in Fig. 3 confirm the general tonotopic organization of the primate auditory cortex described in the previous studies (Merzenich and Brugge, 1973; Morel et al., 1993; Kaas and Hackett, 2000) , including in marmosets (Bendor and Wang, 2008) . However, we did not find any voxels that were selective to medium frequencies (1-4 kHz), likely due to the effect of the continuous scanner noise (~2 kHz) on the auditory signal.
Auditory cortical belt regions are thought to be secondary stages of auditory processing once the signal reaches the cortical level. The lateral belt has direct reciprocal connections to the core and exhibits organized frequency selectivity (Hackett et al., 1998a; 1998b; Kaas and Hackett, 2000) . Neurophysiological experiments found that while neurons in the core are responsive primarily to narrow band tones, lateral belt neurons are tuned to stimuli with a broader frequency spectrum, such as bandpassed noise or species-specific vocalizations (Rauschecker et al., 1995; Recanzone et al., 2000; Joly et al., 2012) . In the present study, we functionally distinguished the auditory core from the belt in a similar manner. Presenting band-passed noise and pure tone frequencies of matched bandwidths as stimuli indicated that the lateral belt exhibited greater activation to the noise stimuli. This confirms findings from neurophysiological studies that demonstrate that the lateral belt is more strongly tuned to stimuli with broader bandwidths than pure tones.
Results presented here are consistent with investigations of auditory function in other nonhuman primates and humans. Studies utilizing fMRI in rhesus macaques report similar findings to the present study. In the most extensive study, Petkov et al. (2006) presented tones and band-passed noise stimuli to awake and anesthetized rhesus monkeys in a similar manner and found a distinction between core and belt areas. Likewise, they reported tonotopic organization characteristic of core as well as frequency reversals that differentiate A1, R and RT. In a study that tested the effects of sound levels on tonotopic representations in rhesus monkeys, Tanji et al. (2010) confirmed the caudo-rostral orientation of frequency reported by Petkov et al. (2006) and demonstrated that increasing sound levels decreases frequency selectivity, although frequency reversals were still present. Human studies reported similar belt and core distinctions (Formisano et al., 2003; Wessinger et al., 2001 ) as well as frequency selectivity organized in a tonotopic fashion (e.g., Humphries et al., 2010; Leaver and Rauschecker, 2016) . Overall, these studies suggest conservation in the organization of auditory cortex across human and nonhuman primates. The ability to compare neural functioning across species is one key advantage to utilizing fMRI in studies of auditory processing. Future studies might examine functional properties of marmoset auditory cortex observed in other species, such as frequency selectivity in belt regions as seen in macaques (Rauschecker et al., 1995) , or encoding to natural sounds (humans: Moerel et al., 2013; Santoro et al., 2014) .
A serious challenge posed for fMRI experiments testing auditory function is, as the MR signal is acquired, the scanner emits bursts of loud acoustic noise as the gradient coil is switched. This constant sound could potentially interact with and compromise the auditory signal of interest. To address this issue, many scientists have employed the use of sparse temporal sampling paradigms that acquire volumes at the end of stimulation near the max of the hemodynamic response and have long intervals between samples (Bandettini et al., 1998; Gaab et al., 2007; Schmidt et al., 2008) . Although these paradigms are designed to avoid scanner noise interference with the auditory signal of interest, they typically require more samples as a result of long TR. An alternative is the use of continuous sampling in which images are acquired at very short intervals throughout the entire length of the experiment. A major advantage of this paradigm is that is maximizes the number of volumes that can be acquired within an experiment, although the effect of the noise is less clear. Tanji et al. (2010) demonstrated that tonotopic maps could be successfully acquired in macaques using a continuous sampling paradigm. These maps were similar to those reported by Petkov et al. (2006) , who utilized a sparse sampling paradigm. The current study utilized continuous sampling with clustered data acquisition for a short acquisition time TA within the long repetition time TR revealed a robust change in the BOLD signal during epochs of stimulation compared with epochs of silence in three monkeys (Figs. 2-3 ). This change was statistically significant, suggesting that the continuous sampling paradigm developed is an effective paradigm to obtain broad auditory cortex activation in common marmosets, despite potentially deleterious scanner noise interference. However, unexpectedly, we did not find any voxels selective to medium frequencies, likely due to the scanner noise interfering with that specific range of frequencies. Continuous-clustered sampling may be highly effective and useful depending on the frequency composition of the specific stimuli used in an experiment.
Although marmosets have recently garnered significant interest as a neuroscientific model (Mitchell et al., 2014; Miller, 2017; Miller et al., 2016) , this species has a long history as an important model in the auditory system (Bendor and Wang, 2005; Bendor and Wang, 2008; Sadagopan and Wang, 2009; Zhou and Wang, 2012) . By using highresolution (7T) fMRI to identify distinct auditory cortical fields in awake marmosets, we show that this technique can complement existing neurophysiological experiments to expand our understanding of the primate auditory system. Similarly to recent fMRI experiments in marmoset vision (Hung et al., 2015a (Hung et al., , 2015b and somatosensory cortex (Yen et al., 2017) , this preparation is amenable to techniques involving conditioned behavior and can, therefore, be extended to investigate relative contributions of multiple auditory cortical fields during behaviorally-dependent facets of audition (Remington et al., 2012; Song et al., 2016) . Given the significance of marmosets as a neurobiological model of communication (Toarmino et al., 2017; Eliades and Wang, 2013; Miller et al., 2015; Eliades and Miller, 2017; Miller, 2017; Nummela et al., 2017) , our approach could be implemented to identify areas of the auditory cortical system involved in vocalization processing (e.g., Sadagopan et al., 2015; Perrodin et al., 2011) . Together, these approaches can shed light on auditory function in ways not previously possible.
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